Abstract-The volcanic unit of Montaña Reventada on the island of Tenerife (Canary Islands, Spain) is an example of magma mingling and mixing in which the eruptive process was triggered by an intrusion of basanite into a phonolite magma chamber. The eruption started with emplacement of a basanitic scoria deposit followed by emplacement of a phonolitic lava flow characterized by the presence of mafic enclaves. These enclaves represent approximately 1 % of the outcrop and are basanitic, phono-tephritic and tephri-phonolitic in composition. The morphology of each enclave is different, varying from rounded to complex fingerlike structures usually with cuspate terminations. In this study we quantified textural heterogeneity related to the enclaves generated by the mixing process and thus provided a new perspective on the 1100 AD Montaña Reventada eruption. The textural study was performed by use of fractal geometry methods and the results show that the logarithm of the viscosity ratio between the phonolitic magma and the enclaves ranges between 0.39 and 0.81, with a mode at 0.49. This enables us to infer the water content is 2-2.5 wt% for the phonolitic magma and 1.5-2 wt% for the basanitic magma and the enclaves.
Introduction
Fractal geometry has recently been used in several studies to study mixing processes. In these studies magma mixing is described as a chaotic process (FLINDERS and CLEMENS, 1996; PERUGINI et al., 2002 PERUGINI et al., , 2003a PERUGINI et al., , 2006 PERUGINI and POLI, 2000; POLI and PE-RUGINI, 2002) , which implies that study of magma mixing can be kinematically constrained to the study of the stretching and folding of magmas and the diffusion processes that originate between them (PE- RUGINI and POLI, 2012) . These studies have provided a new perspective for calculating properties and conditions related to magma chamber dynamics, for example the viscosity ratio between magmas and the proportions of the magmas involved in the mixing process.
The physical mixing (mingling) of two magmas with contrasting physical properties tends to result in the formation of enclaves (PERUGINI et al., 2007) and/or the presence of flow banding, which has been described by some authors as the result of stretching and folding of magma filaments (PERU- GINI et al., 2003b GINI et al., , 2004 . When the two magmas equilibrate thermally, chemical diffusion also occurs, thereby generating compositions that are intermediate between the two initial compositions MORGAVI et al., 2013 . Chemical diffusion is facilitated by the stretching and folding processes, because of the increase of contact area between the two magmas.
During magma mixing two kinds of region, coherent and active, are generated (PERUGINI et al., 2003b) . Coherent regions remain generally unaffected by diffusion and, therefore, the composition of the original magmas is preserved. In contrast with coherent regions, active regions are strongly affected by stretching and folding, and chemical diffusion produces a composition that is intermediate between the two magmas involved in the mixing process. This means that magma mixing should not be interpreted as a linear process in which different hybrid compositions correspond to different amounts of intruded magma. Typically, when a mafic magma intrudes into a felsic magma chamber and mixing starts, magmas of different hybrid composition will be produced, because of the generation of coherent and active regions in which the proportion of the two magmas and the degrees of chemical diffusion vary (PERUGINI et al., 2003b) .
Magma mixing has been observed in the volcanic deposits of Tenerife (Canary Islands) in pyroclastic rocks (WOLFF, 1985; MARTÍ et al., 1990; EDGAR et al., 2002 EDGAR et al., , 2007 and lava flows (ARAÑ ARAÑ A et al., 1989 ARAÑ A et al., , 1994 . The products of some of these eruptions are excellent examples of magma mixing processes resulting from the presence of enclaves and/or stretching and folding structures. One of the best known cases of magma mixing on Tenerife is the 1100 AD (CARRACEDO et al., 2007) Montaña Reventada eruption WIESMAIER et al., 2011) . The eruption center is located in the island's northwestern rift zone, on the southwestern flank of the Teide-PicoViejo (TPV) active central volcanic complex (ABLAY and MARTÍ, 2000) . The eruption, in which a batch of mafic magma from deep in the rift zone probably intruded into the phonolitic chamber of the TPV, generated basaltic scoria followed by emplacement of a thick phonolite lava flow characterized by the presence of multiple enclaves. Previous studies WIESMAIER et al., 2011) focusing on the geochemistry and mineralogy of the eruption products show that these enclaves are the result of mixing between basanitic and phonolitic magmas. Although several studies have been performed on phonolitic magma storage conditions in Tenerife (ANDÚ JAR et al., 2010 JAR et al., , 2013 ANDÚ JAR and SCAILLET, 2012a, b) , to the best of our knowledge there is no information about basanitic magma.
The purpose of the study reported in this paper was to provide a new perspective of the 1100 AD Montaña Reventada eruption by quantifying the textural heterogeneities generated by the mixing process. We show that a textural study performed by use of fractal geometry methods can be useful for calculating the water content and the viscosity of the enclaves and the basanitic magma, providing new and useful data about this magma.
Geological Setting
TPV started to grow approximately 180-190 ka ago in the interior of the caldera of Las Cañadas (ABLAY and MARTÍ, 2000; MARTÍ et al., 2008) (Fig. 1) . This volcanic depression originated as a result of several vertical collapses of the former Tenerife central volcanic edifice (Las Cañadas edifice) caused by the explosive emptying of highlevel magma chambers. Occasional large-scale, lateral collapses of the volcano flanks also occurred and modified the resulting caldera depression (MARTÍ et al., , 1997 MARTÍ and GUDMUNDSSON, 2000) . Construction of the present central volcanic complex on Tenerife involved the formation of these twin stratovolcanoes, which are derived from the interaction between two different shallow magma systems that have evolved simultaneously and have given rise to a complete magma series from basalt to phonolite (ABLAY et al., 1998; MARTÍ et al., 2008) .
TPV mostly consists of mafic-to-intermediate products, in which felsic materials are volumetrically subordinate overall (MARTÍ et al., 2008) . Felsic products, however, predominate in the most recent eruptions that have occurred from the central vents and a multitude of vents distributed on the edifice's flanks (Fig. 1) . Both mafic and phonolitic magmas have erupted from these vents. The Santiago del Teide and Dorsal rift axes (Fig. 1) , the two main tectonic lineations currently active on Tenerife, probably join beneath the TPV complex (CARRACE- DO, 1994; ABLAY and MARTÍ, 2000) . Some flank vents on the western side of Pico Viejo are located on eruption fissures that are sub-parallel to fissures located further down the Santiago del Teide rift and define the main rift axis. This is the case of the Montaña Reventada eruption ( Fig. 1 ) studied in this paper. On the eastern side of Teide some flank vents define eruption fissures that run parallel to the Dorsal rift.
The eruptive history of the TPV comprises a main phase of eruption of mafic-to-intermediate lavas that form the core of the volcanoes and also infill most of the Las Cañadas depression and the adjacent La Orotava and Icod valleys. Approximately 35 ka ago the first phonolites appeared and since then have become the predominant material in the TPV eruptions. Basaltic eruptions have also continued and are mostly associated with the two main rift zones. Available petrological data suggest that the interaction between a deep basaltic and a shallow phonolitic magmatic system beneath central Tenerife controls the eruption dynamics of TPV (MARTÍ et al., 2008) . Most of the phonolitic eruptions from TPV show signs of magma mixing, suggesting that eruptions are induced by intrusion of deep basaltic magmas into shallow phonolitic reservoirs.
The 1100 AD Montaña Reventada eruption is a clear case of a mafic eruption in the NW rift zones in which basanitic magma interacted with phonolitic magma from the TPV system. The result was a Strombolian eruption that generated a welded scoria deposit of basanitic composition and a phonolitic lava flow with clear evidence of mixing. The basanitic scoria deposit has a maximum thickness of 2 m proximal to the vent. The lava flow was mainly emplaced a few kilometers from the vent and has an average thickness of 12 m. The total volume (DRE) of the deposit estimated from geological mapping by MARTÍ et al., (2008) is 0.054 km 3 .
3. Methodology
Fractal Dimension
The enclaves contained in the phonolitic lava flow can be classified according to their shapes, which vary from highly irregular to almost round (Fig. 2) . A few have angular profiles. Previous studies have suggested that angular enclaves correspond to more mafic compositions WIESMAIER et al., 2011) , because of fragmentation of the contact surface between the intruding mafic magma and the cooler phonolitic magma (WIESMAIER et al., 2011) .
Photographs of 67 samples were taken normal to the surface of the enclaves to delineate the contact between the enclaves and the host rock. The images were processed by use of NIH (National Institute of Health) software (ImageJ) to generate binary images in which enclaves and host rock were replaced by black and white pixels, respectively (Fig. 2) . The contact tracing operation was repeated several times to estimate the error, which was found to be approximately 2-3 %.
Enclaves with hybrid compositions can be studied by using fractal geometry methods to analyze the morphology of their complex margins. The complexity of the morphology of the enclaves was quantified by the fractal dimension (D box ). To compute this value the box-counting method was used; this consists in placing square mesh of different sizes (r) over the image then counting the number of boxes (N) that contain part of the image (Fig. 3) .
Viscosity
PERUGINI and POLI (2005) proposed a method for establishing the relationship between the complexity of the morphology of the interface between two fluids and the their viscosity ratio (V R ), which is defined as the ratio of the viscosity of the host fluid to that of the driving fluid. After several fluid-mechanical experiments they derived the following empirical relationship:
which shows that the complexity of the interface increases with the viscosity contrast. This empirical relationship can be applied to natural cases to estimate the viscosity ratio between two magmas coming into contact during a mixing process. The relationship is valid only while the two magmas can be regarded as fluids, therefore before a significant amount of crystallization has occurred. In this study the viscosity ratio was calculated by using the fractal dimension of the morphology of the enclaves. Because this was a bi-dimensional study D box varied between 1 and 2.
To estimate the viscosity of the magmas as a function of whole rock composition and temperature we used the model produced by GIORDANO et al., , (1994) , data cluster at approximately 65-70 % of mafic magma. We propose this amount as representative of the mafic magma present in the system and the other values as a result of different degrees of mixing, because of the active and coherent regions. The average composition was recalculated to 100 after adding 1.5 and 2 wt% H 2 O.
Results
When the box-counting method is applied to fractal patterns the following relationship is satisfied (MANDELBROT, 1982) :
Equation 1 can be also written as:
The slope of the linear interpolation of the log(r) vs. log(N) graph is equal to -D box (Fig. 4) . Figure 4a -c illustrate the application of Eqs. 2 and 3 to the three enclaves given in Fig. 2a-c . From a to c the D box value decreases with the complexity of the morphology of the interface. The D box of the 67 images of the enclaves ranges between 1.01 and 1.23 (Fig. 5) and has a mode at D box = 1.09. A histogram with the regression coefficients of the linear interpolation is given in Fig. 6 .
The calculation of the logarithm of the viscosity ratio from D box according to Eq. 1 is shown in Fig. 7 . Figure 7b is a detail of Fig. 7a that focuses on the variation in logV R . The logV R range between 0.39 and 0.81 and the distribution of the values can be seen in Fig. 8 . The class with V R = 0.49 has the highest frequency. Vol. 172, (2015) Fractal Analysis of Enclaves as a New Tool 1809
Knowing the viscosity of the phonolite (Table 2 ) and the viscosity ratio between the phonolitic magma and the enclaves, the average viscosity of the enclaves can be calculated as follows:
For the viscosity of the phonolite, computed values with 2.5 ± 0.5 wt% of dissolved H 2 O were considered. For V R the minimum and maximum values were used (0.39 and 0.81) and also the value with the highest frequency (0.49). The values obtained are listed in Table 3 .
Discussion
PERUGINI and POLI (2005) state that different D box values correspond to different V R . Accordingly, we focus here on the relationship between changes in V R and changes in magma composition because of different degrees of mixing. More precisely, we propose the existence of a mixing area in which the two magmas interacted and produced magma of intermediate composition. Some of the enclaves considered have cuspate terminations (Fig. 2c) , which have been used as evidence (PERUGINI et al., 2007) of the detachment of the enclaves from the mafic magma and their move toward more felsic magma. As WIESMAIER et al., (2011) showed, some enclaves still have mingling structures. Enclaves with cuspate terminations, mingling structures, and variable composition-and hence variable D box and V Rmust have originated in this mixing zone throughout the whole process.
In the first stage, when the basanite (&1,200°C) reached the phonolite magma chamber (&900°C), the more mafic enclaves, characterized by quenching and angulate shapes, were generated by disruption of the layer formed as a consequence of the thermic contrast between the two magmas. According to FOLCH and SNYDER (2000) , during this first stage of mixing the temperature of the basanite started to fall and the temperature of the phonolite started to increase, hence the V R decreased, thereby facilitating the mixing process between the basanite and the phonolite. The cooling and consequent crystallization of the mafic magma caused accumulation of gas bubbles at the interface between the two magmas that led, in some cases, to production of vesiculated blobs of mafic magma inside the felsic magma (EICHELBERGER, 1980; THOMAS and TAIT, 1997) . This is consistent with the fact that the vesiculated enclaves of Montaña Reventada have higher D box (Figs. 2a, b, 4a, b) and are therefore closer in composition to the mafic end-member. While the basanite continued to ascend to the surface, mingling structures were generated in the contact area. These structures were captured in the blobs of magma, which detached from this zone through the felsic magma and generated enclaves. The presence of both coherent and active regions yielded enclaves with different amounts of mafic and felsic magma. Chemical diffusion inside the enclaves produced different hybrid composition and hence enclaves with interface morphology characterized by different D box . The morphology of some enclaves could correspond to different D box values over their contours. This is consistent with the existence of coherent and active regions within the same enclave. Throughout the process the mixing zone becomes more homogenous, because of mingling and diffusion and because the V R continued to decrease and thus to generate enclaves with lower D box . Table 2 Logarithm of the viscosity of the phonolite, the basanite, and the enclaves with 65-70 % mafic magma On the basis of the V R between the phonolitic magma and the enclaves, it is possible to estimate the range of viscosities of the enclaves. Because the viscosity is closely related to the water content this enables us to estimate a plausible range of dissolved water content in the enclaves. The enclaves were generated at a temperature lower than the basanite and higher than the phonolite and are the result of the mixing of these two magmas with different viscosities. Hence the viscosity range of the enclaves must be between those of the basanite and the phonolite. This constraint reduces the water content of the phonolite, the basanite, and the enclaves to only two possible combinations of the values. As shown in Fig. 9 if the water content of the phonolite is 2 or 2.5 wt% the water content of the basanite must be 1.5 or 2 wt% respectively. Because V R = 0.49 is a mode value it can be regarded as being related to the percentage of mafic magma present in the system and the other values because of different degrees of mixing. The viscosity of the considered enclaves (Table 2 ) overlap with the curve of V R = 0.49 (Table 3) for a water content of 1.5 or 2 wt%.
Another important question concerning the Montaña Reventada eruption is whether all the basanite that intruded into the phonolitic magma was erupted or not. The enclaves represent just &1 % of the outcrop and, according to estimates from the stratigraphic sections in ARAÑ A et al., (1994) and WIESMAIER et al., (2011) , the amount of basanite erupted corresponds to up to 15 % of the total erupted products generated during the eruption. This suggests that residual basanite magma was still stored in the magma chamber, which may have either evolved into more differentiated compositions or crystallized to form a denser body. Data from subsequent eruptions on Tenerife are unable to shed any further light on this question.
Conclusions
The results of the fractal study conducted on Montaña Reventada show that enclaves with different D box -and hence different composition-represent Figure 9 Variation of logarithm of viscosity with temperature different degrees of mixing in the system, even though all could have been generated at the same time and with the same percentage of mafic magma. Fractal analysis of enclaves of Montaña Reventada offers clues to constraining the dissolved water content and the viscosities of the enclaves and the basanitic magma. The initial estimate, based on previous work, of the water content of the phonolite of 2-3 wt% can be reduced in this case to 2-2.5 wt%. Acceptable values for the basanite and the enclaves range between 1.5 and 2 wt%.
